Metabolic shifts, as well as mutations, are a distinguishing feature of cancer biology \[[@b1-jptm-2018-09-13]\]. Cancer cells can modify their metabolic pathways to obtain more energy required for proliferation or dissemination, initially affect glucose metabolism but largely in lipidcholesterol. Therefore, a high lipid content in cancer cells is an indicator of an aggressive potential \[[@b2-jptm-2018-09-13]\]. The up-regulation of the lipid metabolism associated pathway has been reported in many malignancies, including breast cancer, retinoblastoma, lung cancer, and colon cancer \[[@b3-jptm-2018-09-13]-[@b6-jptm-2018-09-13]\].

Although lipid droplets (LDs) are almost ubiquitously present in eukaryotic cells, lipid storage is markedly increased in diseases associated with tissue damage or ischemia, as seen in atherosclerosis or organ infarct \[[@b7-jptm-2018-09-13]\]. Visualization of LDs best be facilitated by the immunohistochemical expression of adipophilin, a vehicle of small LDs in non-adipogenic cells \[[@b8-jptm-2018-09-13]\]. The role of adipophilin in cancer was recently investigated, and it was found to be not only a diagnostic marker, but also an independent poor prognostic marker for certain cancers, including clear cell renal cell carcinoma and brain glioma \[[@b9-jptm-2018-09-13],[@b10-jptm-2018-09-13]\]. However, studies about the prognostic value of adipophilin in lung cancer were limited, and the association between the adipophilin and hypoxic ischemic pathways remains unclear. The objective of this study was to investigate the clinicopathologic correlation between adipophilin and hypoxic signaling molecules in primary adenocarcinoma of the lung.

MATERIALS AND METHODS
=====================

Patients and tumor samples
--------------------------

Cases were selected from the archives of biopsied or resected lung adenocarcinoma samples from the Seoul National University Boramae Hostpital, between June 2005 and December 2012, and from the Seoul National University Hospital between February 1996 and April 2009. Patients with primary lung adenocarcioma without a prior history of other malignancies or preoperative treatment were included in this study. A histological subtype of primary lung adenocarcinoma was reviewed and classified according to the 2015 World Health Organization classification. Tissue microarray blocks (TMAs) were constructed from the most representative tumor areas and consisted of two cores of tumor samples with diameters of 0.2 cm. Most samples were from resected lung specimens; however, seven were from biopsy samples, which were larger than 1 cm in diameter. Clinical information was retrieved from electric medical records. Clinical staging was estimated according to the American Joint Committee on Cancer, eighth grading system \[[@b11-jptm-2018-09-13]\]. Overall survival (OS) was measured from the date of biopsy or surgery until the time of death or the last follow-up. Progression-free survival (PFS) was measured from the date of biopsy or surgery until disease progression (i.e., recurrence or metastasis) or death. This study was approved by the Institutional Review Board of Seoul National University Boramae Hospital (20180706/10-2018-69/081) and patient consent was waived.

Immunohistochemical staining
----------------------------

Protein expression levels of the adipophilin and hypoxic signaling markers were assessed by immunohistochemistry (IHC) from TMA blocks using an automated immunostainer (Benchmark Ventana, Tucson, AZ, USA) following the manufacturer's recommended procedure. The primary antibodies used in this study were as follows: adipophilin (1:2; Progen Biotechnik, Heidelberg, Germany), heat shock protein 27 (HSP27, 1:1,000; Novusbio, Littleton, CO, USA), carbonic anhydrase IX (CAIX, 1:1,000; Novusbio), and hypoxia-inducible factor 1α (HIF1α, 1:200, Abcam, Cambridge, UK). Expression of adipophilin was classified as positive if at least 5% of tumor cells showed cytoplasmic staining as described in a previous study \[[@b12-jptm-2018-09-13]\]. Other protein markers were evaluated by the H-score: intensity multiplied by percentage of positive cells. Cases were regarded as positive when the H-score was greater than 10. All cases were independently reviewed by two pathologists (S.A.S and J.E.K), and agreement was reached for discordant cases.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS ver. 21.0 (IBM Co., Armonk, NY, USA). Correlations between the IHC results and clinicopathologic parameters were assessed with the chi-square test or Fisher exact test for nominal variables, and the Spearman's rank test for numeric variables. A univariable survival analysis was performed using Kaplan-Meier analysis with the logrank test. The Cox multiple regression model was generated to confirm independent prognostic markers in the multivariable survival analysis. Statistical significance was considered when the two-tailed p-value was less than .05.

RESULTS
=======

Patients and samples
--------------------

The clinicopathologic characteristics for all of the cases are summarized in [Table 1](#t1-jptm-2018-09-13){ref-type="table"}. A total of 230 cases (107 males and 123 females) with a median age of 63.4 years (range, 22.8 to 89.1 years) were enrolled in this study. The histologic type was lepidic in nine patients (4%), acinar in 147 (64%), papillary in 22 (10%), solid in 28 (12%), and micropapillary in seven cases (3%). The epidermal growth factor receptor (EGFR) mutation was found in 83 of the 160 tested samples (52%). The KRAS mutation was present in 12 of the 131 tested samples (9%), and the anaplastic lymphoma kinase (ALK) translocation was identified in five of the 230 samples. At the time of initial diagnosis, 61 patients were stage I, 97 patients were stage II, 25 patients were stage III, and 15 patients were stage IV, all according to the eighth edition of TNM classification.

Immunohistochemical results
---------------------------

Adipophilin expression in the cytoplasm had a spotty granular pattern, as described in the manufacturer's guidelines. Normal lung parenchymal cells were adipophilin-negative, except for alveolar macrophages, which served as the positive control \[[@b12-jptm-2018-09-13]\]. Overall, 30 of the 230 cases (13%) were adipophilin-positive. Most cases (19 of 30, 63%) showed pan-cytopalsmic patterns, while 11 (37%) showed subnuclear basal staining patterns ([Fig. 1](#f1-jptm-2018-09-13){ref-type="fig"}). Positive expression of HSP27 was found in 146 cases (63%), while CAIX showed positive staining in the cytoplasm in 129 cases (56%). However, HIF1α was only positive in two cases (1%) ([Fig. 2](#f2-jptm-2018-09-13){ref-type="fig"}).

Association of protein expression with clinicopathologic features
-----------------------------------------------------------------

Adipophilin positivity was significantly higher in males and in the solid histologic subtype ([Fig. 3](#f3-jptm-2018-09-13){ref-type="fig"}), and correlated with HSP27 expression (all p \< .05). Expression of HSP27 was associated with smaller tumor sizes, low TNM stages, frequent *EGFR* mutation, and negative or low HIF1α (all p \< .01).

Clinical significance of expression of adipophilin or HSP27
-----------------------------------------------------------

The median follow-up of patients was 49.55 months (range, 1.2 to 162.7 months). Recurrence or progression was found in 148 patients, and 108 patients were deceased during the followup period. In the univariable survival analysis, patients with adipophilin positive tumors showed significantly shorter PFS (median, 17.2 months vs 18.4 months; p = .041) compared to those with adipophilin negative tumors, although there was no significant difference in OS. However, the expression of HSP27 was associated with better OS and PFS (p = .032 and p = .002, respectively) ([Fig. 4](#f4-jptm-2018-09-13){ref-type="fig"}). Other poor prognostic markers included younger patients, vascular invasion, larger tumor sizes, solid histology, and advanced TNM stages. The multivariable Cox regression analysis was performed after integrating parameters were found to have prognostic significances in the univariable analysis. As a result, adipophilin expression was an independent marker of disease progression only, whereas HSP27 expression indicated better survival in both OS and PFS ([Table 2](#t2-jptm-2018-09-13){ref-type="table"}).

DISCUSSION
==========

The goal of this study was to investigate the association of lipid metabolism with hypoxic signaling and to determine clinicopathologic significances of these molecules in primary lung adenocarcinoma. Our results showed that adipophilin was more frequently expressed in male patients with solid variant adenocarcinoma. Its expression was associated with HSP27. Moreover, the expression of adipophilin or HSP27 was an independent prognostic factor, although they behaved in a reciprocal manner.

Very few studies have focused on lipid metabolism or adipophilin in lung cancer, and its pathologic role and clinical significance remain unclear. One previous study reported that the adipophilin expression level was significantly higher in lung adenocarcinoma than in squamous cell carcinoma. However, that study failed to find any clinicopathologic significance, primarily due to insufficient numbers of cohorts \[[@b13-jptm-2018-09-13]\]. In contrast, the positive rate of adipophilin expression in squamous cell carcinoma in our study was higher than that in adenocarcinoma (25% vs 13%, unpublished data). Another recent study by Fujimoto *et al*. \[[@b12-jptm-2018-09-13]\] found that adipophilin positivity was associated with apocrinelike features and worse outcomes in lung adenocarcinoma. Our results partially coincided with that study with regard to prognostication. However, we could not find apocrine-like histologic patterns represented by the eosinophilic granular cytoplasm. The only relative predominance of a solid histologic pattern in adipophilin positive tumors was found in our study. Among various malignancies, one of the best-known examples of adipophilin positive tumors are renal cell carcinomas and ductal carcinomas of the breast, characterized by frequent solid architectures and plump cytoplasms \[[@b9-jptm-2018-09-13],[@b14-jptm-2018-09-13]\]. Taken together, these results suggested that the lipidogenic pathway is activated in adenocarcinoma with solid phenotypes in various organs.

The accumulation of LDs is a common finding in the tissues after ischemic injury, as seen in atherosclerosis or organ infarct \[[@b7-jptm-2018-09-13]\]. Ischemia followed by activation of hypoxic signaling is a typical finding of malignant tumors, and is strongly associated with aggressive behavior \[[@b9-jptm-2018-09-13],[@b10-jptm-2018-09-13]\]. Recent studies demonstrated that the fractional contribution of glutamine to fatty acid synthesis increased during hypoxia \[[@b15-jptm-2018-09-13]\]. We hypothesized that the coordination of metabolic deregulation and hypoxic signaling contributed to the biologic aggressiveness of lung adenocarcinomas. The strong correlation between adipophilin expression and HSP27 in our study supported this hypothesis. To further verify our hypothesis, we examined several well-known biomarkers in hypoxic signaling, including HIF1α, a master regulator of hypoxia and related proteins. Although the expression of HSP27 and CAIX was frequently found regardless of histologic type, the expression of HIF1α was particularly low. One possible cause of such low positivity of HIF1α might be the extremely short half-life of that protein. The ubiquitin-proteasome pathway is responsible for the stability of HIF1α, which is rapidly degraded in normoxia, resulting in undetectable levels in immunohistochemistries \[[@b16-jptm-2018-09-13]\]. Previous studies found inconsistent results of HIF1α expression in various cancers, and many studies suggested that HIF1α stability was regulated in a cell-type specific manner \[[@b16-jptm-2018-09-13]\]. Although we cannot completely explain the low HIF1α incidence in our subjects, many of the factors listed above might have contributed to its low immunoreactivity.

An interesting observation of this study was the reciprocal action of adipophilin and HSP27 in terms of prognostication. As expected, adipophilin was an independent negative prognostic factor of lung adenocarcinoma. However, its prediction was inversed in HSP27, even with the strong correlation between two proteins. It is believed that HSP27 has either a protective or a counter-protective role in various malignancies \[[@b17-jptm-2018-09-13]\]. Typically, HSP27 responds to hypoxic conditions to lower reactive oxygen species in a protective way. This protection also provides a shelter for both normal and cancer cells. In this study, the frequent expression of HSP27 or CAIX indicated activation of hypoxic signaling and possible link of metabolic deregulation. However, further research, including functional studies, are needed to better understand the precise interaction between these proteins.

In conclusion, adipophilin positivity was common in solid histologic types of lung adenocarcinoma, and was associated with adverse outcomes. The deregulation of lipid metabolism with hypoxic signaling might play a role in the pathogenesis of lung adenocarcinoma.
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![Immunohistochemical staining pattern of Adipophilin in adenocarcinoma. (A) Subnuclear basal staining pattern in acinar type adenocarcinoma. (B) Pancytoplasmic pattern in solid type adenocarcinoma.](jptm-2018-09-13f1){#f1-jptm-2018-09-13}

![Expression of hypoxic signaling proteins in lung adenocarcinoma. Strong cytoplasmic positivity of heat shock protein 27 (A) and carbonic anhydrase IX (B) is found. Nuclear expression of hypoxia-inducible factor 1α is only focally present (C).](jptm-2018-09-13f2){#f2-jptm-2018-09-13}

![Adipophilin expression according to predominant subtype of adenocarcinoma.](jptm-2018-09-13f3){#f3-jptm-2018-09-13}

![Results of univariable survival analysis represented by Kaplan-Meier plots according to protein expression. Expression of adipophilin is significantly associated with worse progression-free survival (PFS) (A) but is not related to overall survival (OS) (B). Heat shock protein 27 shows poor prognostic impacts in both PFS (C) and OS (D).](jptm-2018-09-13f4){#f4-jptm-2018-09-13}

###### 

Summary of the clinicopathologic characteristics of patients

  Parameter            No. (%) (n = 230)
  -------------------- -------------------
  Sex                  
   Male                108 (47.0)
   Female              122 (53.0)
  Age (yr)             
   ≤ 60                92 (40.0)
   \> 60               138 (60.0)
  Smoking status       
   Never               136 (59.1)
   Former/current      88 (38.3)
  TNM category (8th)   
   I                   61 (26.5)
   II                  97 (42.2)
   I + II              158 (68.7)
   III                 25 (10.9)
   IV                  15 (6.5)
   III + IV            40 (17.4)
  Tumor size (cm)      
   \< 3                103 (44.8)
   ≥ 3                 92 (40.0)
  LN metastasis        
   Negative            125 (54.3)
   Positive            76 (33.0)
  Distant metastasis   
   Negative            186 (80.9)
   Positive            28 (12.2)
  *EGFR*               
   Wild type           77 (33.5)
   Mutated             83 (36.1)
   Not tested          70 (30.4)
  *KRAS*               
   Wild type           119 (51.7)
   Mutated             12 (5.2)
   Not tested          99 (43.0)
  *ALK*                
   Wild type           225 (97.8)
   Translocation       5 (2.2)
  Histologic subtype   
   Lepidic             9 (3.9)
   Acinar              147 (63.9)
   Papillary           22 (9.6)
   Solid               28 (12.2)
   Micropapillary      7 (3.0)
   Others              17 (7.4)
  Progression          
   No                  82 (35.7)
   Yes                 148 (64.3)
  Death                
   No                  122 (53.0)
   Yes                 108 (47.0)

LN, lymph node; *EGFR*, epidermal growth factor receptor; *ALK*, anaplastic lymphoma kinase.

###### 

Results of multivariate Cox regression analysis

  Variable                 Overall survival   Progression free survival                                             
  ------------------------ ------------------ --------------------------- ----------------- ------- --------------- -----------------
  Age (\> 60 yr)           0.542              0.250--1.173                .120              0.561   0.260--1.208    .140
  Tumor size (≥ 3 cm)      1.168              0.511--2.668                .713              1.627   0.686--3.858    .269
  TNM (III, IV vs I, II)   8.355              3.486--20.029               \< .001^\*\*\*^   8.318   3.322--20.832   \< .001^\*\*\*^
  *EGFR* mutation          0.637              0.270--1.501                .302              1.209   0.531--2.751    .651
  Vascular invasion        1.132              0.456--2.808                .789              1.024   0.415--2.524    .959
  Adipophilin (≥ 5%)       4.467              1.783--11.190               .001^\*\*^        4.476   1.792--11.183   .001^\*\*^
  HSP27 (≥ 0 by H score)   0.280              0.123--0.641                .003^\*\*^        0.391   0.170--0.897    .027^\*^

HR, hazard ratio; CI, confidence interval; *EGFR*, epidermal growth factor receptor; HSP27, heat shock protein 27.

Statistically significant ^\*^p \< .05, ^\*\*^p \< .01, ^\*\*\*^p \< .001.
